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(a) providing an animal cell transfected with a nucleic acid molecule that contains 
(i) a nucleic acid sequence encoding a biofilament, (ii) a promoter that directs expression 
of a polypeptide in an animal cell, wherein said promoter is operably linked to said 
nucleic acid sequence encoding said biofilament. and (iii) a leader sequence that causes 
secretion of said biofilament by said cell; 

(b) culturing said transfected cell under conditions in which said biofilament is 
secreted into the culture medium of said cultured cell : and 

(c) isolating said biofilament from [the] said culture medium of said cultured 
transfected cell. 



REMARKS 

The invention as now claimed provides nucleic acid molecules comprising a 
nucleic acid sequence encoding a biofilament; a promoter operably linked to the nucleic 
acid sequence that directs expression of a polypeptide in milk-producing or urine- 
producing cells; and a leader sequence that enables secretion of the biofilament by the 
milk-producing or urine-producing cells into milk or urine, respectively, of a mammal. 
The invention also features transgenic animals containing the above-described nucleic 
acid molecule that secrete the biofilament. In addition, the present invention features a 
teansgenic embryo containing the biofilament-encoding nucleic acid construct, which may 
be used to generate the adult animals from which the biofilament is produced. Finally, 
the invention provides methods of producing biofilaments from a transgenic animal or 
from cultured cells. 

Claims 1-21 were examined in this case. Claims 2, 3, and 5 were rejected under 
35 U.S.C. § 101, claims 1-21 were rejected under 35 U.S.C. § 112, first paragraph, and 
claims 2-6 and 13-21 were rejected under 35 U.S.C. § 1 12, second paragraph. Each of 
the rejections raised in the Office Action are addressed individually below. 
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Rejections Under 35 U.S.C. 101 

Claims 2, 3, and 5 were rejected under 35 U.S.C. § 101, with the Examiner stating 
that the claims, drawn to a transgenic mammahan embryo or animal, encompass a human 
embryo or humans, which are non-statutory subject matter. The Examiner suggested that 
insertion of the phrase "non-human" into the rejected claims would overcome this 
rejection. Such claim amendments have been made and this rejection can now be 
withdrawn. 

Claim 2 was also rejected under 35 U.S.C. § 101, based on the assertion by the 
Office that the claimed invention is not supported by either a specific asserted utility or a 
well-established utility. Applicants respectfully disagree. 

Claim 2, as amended, is drawn to a non-human mammalian embryo comprising a 
cell whose nucleus comprises the nucleic acid molecule of claim 1 . Applicants assert that 
the embryo of claim 2 has a specific utility. The embryo of claim 2 is used to generate 
the adult animal fi-om which the desired biofilaments of the invention are obtained. For 
example, the specification, at pages 26-27, states that embryonic stem cells may be 
transformed with a transgene. These transformed embryonic stem cells are then 
combined with blastocysts fi:om the animal from which they originate. The cells colonize 
the embryo, and in some embryos these cells form the germline of the resulting chimeric 
animal. These chimeric animals are then bred to generate the transgenic animals that 
secrete biofilaments. Applicants assert that the utility of the embryos of claim 2 has been 
established, and withdrawal of this rejection is requested. 

Rejections Under 35 U.S.C. § 1 12. first paragraph 

Claim 2 was rejected under 35 U.S.C. § 1 12, first paragraph on the ground that 
since the claimed invention is not supported by either a specific asserted utility or a well- 
established utility, one skilled in the art would clearly not know how to use the claimed 
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invention. 

In response, Applicants submit that the rejection of claim 2 under 35 U.S.C. § 101 
has been overcome. As the utility of the embryo of claim 2 has been established, 
Applicants submit that one skilled in the art would know that the embryo of claim 2 may 
be used to generate an adult animal from which secreted biofilaments may be obtained. 
Applicants respectfiiUy request withdrawal of this rejection. 

Claims 3-6 were rejected under 35 U.S.C. § 1 12, first paragraph, based on the 
assertion by the Examiner that the claims do not recite any particular phenotype for the 
claimed transgenic animals. The Examiner suggested that this rejection could be 
overcome by amending the claims to recite the phenotype of the claimed animals. Such 
amendments have been made. Support for the amendments is found in the specification 
at pages 26-29. Accordingly, this portion of the rejection may now be withdrawn. 

Claims 1 and 3-21 were rejected under 35 U.S.C. § 1 12, first paragraph, with the 
Examiner stating that the specification does not offer adequate guidance to teach one 
skilled in the art how to produce any transgenic animal that expresses a biofilament in 
milk or urine to a level sufficient to allow purification of the biofilament from the 
biological fluid. The Examiner also argues that the specification fails to provide an 
enabling disclosure because the recited nucleic acid constructs are not enabled for their 
intended use. Applicants respectfiilly disagree. 

The standard for enablement is articulated in In re Wands 858 F 2d. 731, 8 
USPQ2d 140, 1402 (Fed. Cir. 1988). Wands sets forth eight factors to be taken into 
account to determine whether the experimentation necessary to practice the scope of the 
claimed invention is "undue." These factors are addressed below. 

Nature of the Invention: As they relate to this portion of the § 1 12, first paragraph 
rejection, the claimed invention features nucleic acid molecules comprising a nucleic acid 
sequence encoding a biofilament; a promoter operably linked to the nucleic acid sequence 
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that directs expression of a polypeptide in milk-producing cells or urine-producing cells; 
and a leader sequence that enables secretion of the biofilament by the milk-producing or 
urine-producing cells into milk or urine, respectively, of a mammal. The claimed 
invention also features transgenic animals containing the above-described nucleic acid 
molecules that secrete the biofilament. Finally, the claimed invention provides methods 
of producing biofilaments from a transgenic animal. 

Applicants submit that, given the teaching of the specification and the level of skill 
known in the art at the time the present application was filed, as detailed below, one 
skilled in the art could have readily generated the nucleic acid molecules and biofilament- 
producing transgenic animals of the present invention, without undue experimentation, 
and of the full scope of the claims. 

Amount of Guidance Provided in the Specification: The specification provides 
ample guidance for claims of the present scope. For example, the specification, at pages 
9-19, provides a detailed description of a large number of silk genes, urine- or milk- 
specific promoters, signal sequences, and termination regions that may be used to 
construct the nucleic acid molecules of the present invention. The specification, at pages 
21-24, also provides specific constructs that may be used to practice the present 
invention. For example, pages 21-24 describe a construct comprising the goat p-casein 
promoter, followed by its own signal sequence for expression, followed by a 1 .5 kb insert 
containing the silk clone in frame with the 5* and 3' ends of the casein gene. A schematic 
diagram of this constmct is shown in Fig. 1 A of the application. In another example, the 
specification teaches a nucleic acid construct comprising the WAP gene promoter, its 
signal sequence, a 1.5 kb cDNA encoding dragline silk, followed by the 3' end of the 
WAP gene. The details of its construction are diagramed in Fig. IB of the application. 

In yet another example of a nucleic acid molecule provided in the specification, 
the construct comprises the uroplakin II promoter, which is used to drive expression of 



-6- 




the fibroin or silk gene(s) in the urotheUum of transgenic animals. The fibroin or silk 
gene(s) is inserted downstream of a 3.6 kb 5' flanking sequence of the mouse uroplakin II 
(UPII) gene. A sequence containing part of exon 1 and all of intron 1 and exon 2 of the 
mouse protamine- 1 (Mp-1) gene is placed at the 3' end of the gene to provide an 
exon/intron splicing site and a polyadenylation signal. A diagram of this construct is 
shown in Fig. IC of the appHcation. 

The specification also describes a protocol that is generally applicable for 
generating transgenic animals that express a biofilament in their milk or urine. At pages 
26-29, the specification teaches that transgenes may be introduced into the pronuclei of 
fertilized oocytes, for example, by microinjection. The microinjected zygotes are 
transferred to an appropriate female, resulting in the birth of a transgenic or chimeric 
animal, depending upon the stage of development when the transgene is integrated. 
Chimeric animals can be bred to form true germline transgenic animals. 

The specification also teaches another method for the generation of transgenic 
animals that secrete biofilaments, by introducing the biofilament-encoding transgene into 
embryonic stem cells (ES cells). In particular, the specification states that transgenes can 
be introduced into such cells by electroporation, microinjection, or any other techniques 
used for the transfection of cells which are known to the skilled artisan. Transformed 
cells are combined with blastocysts fi^om the animal from which they originate. The cells 
colonize the embryo, and in some embryos these cells form the germline of the resulting 
chimeric animal. Alternatively, ES cells can be used as a source of nucleic for 
transplantation into an enucleated fertilized oocytes, thus giving rise to a transgenic 
animal. 

Level of Skill in the Art: The level of skill in the pertinent art is very high; most 
practitioners hold Ph.D. degrees, and many have significant post-doctoral experience. 
Applicants submit that one skilled in the fields of molecular biology and genetics could 
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have readily designed a great many of the nucleic acid constructs of the invention as 
presently claimed without undue experimentation, and could have successfully generated 
a wide range of transgenic animals using the specification for guidance. The Examiner 
has not presented convincing evidence or arguments to the contrary. 

Furthermore, one of ordinary skill in the art would immediately recognize that the 
teachings of the specification are easily transferred to other nucleic acid constructs and 
animals. Moreover, the law does not require that every embodiment encompassed by a 
claim be operable. Thus, even if a procedure described in the specification would not 
achieve production of a biofilament in every conceivable animal, this would not negate 
enablement of the present claims. 

Working Examples: Applicants provide a fully enabling disclosure of how to 
practice the claimed invention. While they do not present working examples, they note 
that none is required. Applicants point out that the Federal Circuit has made clear the 
level of teaching needed to enable a claim with respect to the number of working 
examples, and has stated that a specification need not contain a working example if the 
invention is otherwise disclosed in such a manner that one skilled in the art is able to 
practice it without undue experimentation. See In re Walter L, Borkowski and John J, 
Van Venrooy, 422 F2d 904, 164 UPSQ 642 (Fed. Cir. 1970) (eleven step method for 
preparing an oxygenated hydrocarbon, found to be enabled by the specification absent a 
working example). See also In re Roger A, Long, 368 F.2d 892, 151 USPQ 640 (Fed. Cir. 
1966). ("The absence of a working example, denominated as such, does not compel the 
conclusion that a specification does not satisfy the requirement of 35 USC 1 12..."). 

State of the Prior Art: Nucleic acid sequences encoding biofilaments, as disclosed 
in the present specification, were known in the art at the time the present application was 
filed (see, for example, Arcidiacono et al., Appl. Microbiol. Biotechnol. 49:31-38, 1998; 
previously filed in an Information Disclosure Statement for this case). 
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Promoters specific for milk-producing cells or urine-producing cells were also 
known prior to the filing date of the present application. For example, prior to Applicants' 
filing date, promoters for the expression of a polypeptide in milk were known to include: 
murine WAP (Velander et al, Proc. Natl. Acad. Sci USA 89:12003-12007, 1992); bovine 
aSl-casein (PCX Application Nos.: WO 91/08216 and WO 93/25567); y-casein and rat p- 
casein (Rosen, U.S. Patent No. 5,304,489); sheep p-lactoglobulin (Wright et al., 
Bio/Technology 9:830-834, 1991; Exhibit A); goat p-casein (Ebert et al, Bio/Technology 
12:699-702, 1994); and bovine a-lactalbumin (Vilotte et al., Eur. J. Biochem. 186:43-48, 
1989). Promoters for expression of polypeptides in the urine were also known in the prior 
art. For example, Kerr et al. discloses the use of the murine bladder-specific uroplakin II 
promoter to express recombinant human growth hormone, while Sun describes the use of 
the same promoter to express p-galactosidase (Nature Biotechnology 16:75-79, 1998; and 
Sun, WO 96/39494). Applicants point out that copies of Arcidiacono et al., Velander et 
al, PCX Application Nos.: WO 91/08216 and WO 93/25567, U.S. Patent No. 5,304,489, 
Ebert et al., Vilotte et al., Kerr et al., and WO 96/39494 were previously submitted in 
Information Disclosure Statements. As the Office should have copies of these references. 
Applicants have not submitted them as Exhibits. 

Methods for the generation of transgenic animals that produce desired 
polypeptides that are secreted into the urine or milk of the animal were known for a 
variety of animals prior to the filing date of the present application. For example, 
Velander et al. generated transgenic swine and mice that produce human protein C in 
their milk ( supra : and Annals New York Academy of Sciences 665:391-403, 1992; 
Exhibit B); Wright et al. ( supra ) generated transgenic sheep that produce human a-1- 
antitrypsin in their milk; Ebert et al. ( supra ) produced transgenic goats that produce 
human longer acting tissue plasminogen activator in their milk; and Kerr et al. ( supra ) 
produced transgenic mice that produce human growth hormone in their urine. 
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Furthermore, methods for purifying polypeptides from the milk or urine of animals 
was known prior to Applicants' filing date. For example, Deboer et al. (WO 93/25567) 
describes the isolation of heterologous proteins from the milk of bovine species. In 
addition, Applicants note that methods for producing silk fibers from aqueous solutions of 
silk polypeptides from silkworms were known in the art prior to Applicants' filing date. 
For example, Lock et al. teach methods for spinning silk fibroin polypeptides into silk 
fibers (U.S. Patent No. 5,252,285; Exhibit C). 

Quantity of Experimentation Necessary: The Examiner states on page 5 of the 
Office Action that, in view of the lack of working examples in the specification and the 
unpredictability in the art, one of ordinary skill in the art would have been required to 
engage in undue experimentation in order to make and use the transgenic animals of 
claims 3-6. The Examiner further states, at page 7 of the Office Action, that undue 
experimentation would have been required for one skilled in the art to produce a 
biofilament, as recited in claims 13-21, in any cell, particularly a milk-producing cell or a 
urine-producing cell. 

Applicants submit that the Examiner has reinterpreted the Wands factors to render 
them more stringent than the statute or case law, including Wands, permits. Under the 
standard of enablement, an Applicant is required to provide sufficient information to 
allow practice of the invention, not to prove that all possible embodiments will work. 

In re Wands involved a method for identifying monoclonal antibodies that are 
specific for a particular antigen. The method required screening large numbers of 
hybridomas to determine which ones secrete an antibody with the desired characteristics. 
There was no question but that identification of useful hybridoma lines required 
substantial experimentation, and was a rare event. The broad claim was held enabled 
nonetheless. Similarly, the present invention may require testing, based on a variety of 
predefined parameters, in order to optimize the method for making transgenic animals 
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and biofilaments described in the specification. This does not mean the claims (as 
amended) are not enabled. 

The specification teaches that the described methods of generating a transgenic 
animal that secretes a biofilament, and for producing biofilaments fi-om transgenic 
animals, can be repeated in any species, and provides ample guidance to allow the skilled 
artisan to carry this out, with routine experimentation. As was stated In re Wands, "a 
considerable amount of experimentation is permissible, if it is merely routine, or if the 
specification in question provides a reasonable amount of guidance with respect to the 
direction in which the experimentation should proceed." As the specification teaches 
nucleic acid constructs and methods for their use in the generation of transgenic animals 
that secrete biofilaments (see, for example, pages 21-29), the experimentation necessary 
to practice the invention as presently claimed is clearly not undue. 

Predictability: The Examiner argues that in the absence of specific guidance, the 
existence of any phenotypic alteration resulting from the introduction of a nucleic acid 
construct comprising a biofilament operably linked to a milk-specific or urine-specific 
promoter in any species of animal is highly unpredictable. The Examiner cites a 
reference, Wall et al. (Theriogenology 45:57-68, 1996), to show that insertional 
inactivation of endogenous genes and positional effects can influence the phenotype of 
the resultant transgenic animal, that expression of the transgene and its effect on the 
phenotype of the transgenic animal are unpredictable, and that the genetic elements 
required for appropriate expression vary from species to species. 

Applicants submit that the information provided by the Wall et al. reference 
actually demonstrates that the state of the transgenic art at the time of filing was such that 
transgene expression was predictable among various species of mammals. Table 1 of the 
Wall reference demonstrates that transgene efficiency ranges from 1% in farm animals 
(cattle, sheep, pigs) to 3% in laboratory animals, such as rabbits, mice, and rats. This 
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Table supports Applicants' contention that the generation of transgenic mammals was 
routine and predictable at the time of the invention, and that methods of transgene 
expression were available in a wide variety of mammals. 

To specifically address the Examiner's concern that the genetic elements required 
for appropriate expression vary from species to species, Applicants point out that genetic 
elements that lead to successful secretion of polypeptide from milk and urine were 
described in the specification and were also well known in the art prior to Applicants' 
filing date, as addressed above. 

Furthermore, nucleic acid constructs for introducing a heterologous gene into a 
cell or embryo, as well as techniques for generating transgenic animals that produce 
desired polypeptides, were well known prior to the filing of the present application. 
These same methods can be relied upon to predictably generate transgenic animals and 
cultured cells that secrete biofilaments. 

In light of the above, Applicants respectfully request that the rejection of claims 1 
and 3-21, under 35 U.S.C. § 1 12, first paragraph, be withdrawn. 

Claims 13 and 15-21 also stand rejected under 35 U.S.C. § 1 12, first paragraph, 
with the Examiner stating that the specification fails to provide an enabling disclosure for 
the preparation of any and all species of transgenic animals by the methods recited in the 
claims. 

With respect to this portion of the § 112 rejection, the Examiner specifically states 
that claims 13 and 15-21 are rejected because the guidance offered in the specification is 
limited to the generation of mice. The Examiner explains that the claimed methods 
involve transfecting an embryonal cell, for example, an ES cell or an oocyte, but that 
transfection of an oocyte is not taught in the specification or the prior art. The Examiner 
thus concludes that since ES cells technology was known only for the mouse, claims 13 
and 15-21 should be limited to the generation of transgenic mice. 
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In response to this portion of the § 112, first paragraph rejection, Applicants point 
out that claim 13 has been amended to recite a method for producing a biofilament, 
comprising providing an embryonal cell transformed with a biofilament-encoding nucleic 
acid molecule that expresses and causes secretion of the biofilament from a milk- 
producing or urine-producing cell derived from the transformed embryonal cell; grov^ing 
the transformed embryonal cell to produce an animal comprising biofilament expressing 
and secreting cells; and isolating the biofilament from the biofilament-expressing and 
secreting cells from the animal. Support for this amendment is found in the specification 
at page 6, line 25 to page 7, line 3, pages 19-20, and pages 26-29. Applicants also note 
that transformation, for example, by microinjection techniques, of embryonal cells of a 
number of different species was well known in the art prior to Applicants' filing date. As 
claims 13 and 15-21 are no longer limited to ES cells technology, Applicants submit that 
the generation of transgenic animals other than mice would not require undue 
experimentation. 

Claims 13-21 were also rejected based on the assertion by the Examiner that the 
specification fails to teach a method for producing a biofilament in a transgenic animal by 
expressing the biofilament in a cell or tissue other than a milk-producing or urine- 
producing cell. 

Applicants have amended claim 13 to recite a method for producing a biofilament 
wherein the first step is to provide an embryonal cell transformed with a biofilament 
encoding nucleic acid molecule that expresses and causes secretion of the biofilament 
from a milk-producing or urine-producing cell derived from the transformed embryonal 
cell. 

As this rejection relates to claim 14 specifically, Applicants contend that the 
specification provides ample guidance for the production of biofilaments from cultured 
cells (see, for example, page 21, lines 4-7 and pages 25-26). Methods for the production 
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of polypeptides secreted from cultured cells were also known in the prior art (e.g., U.S. 
Patent No. 5,227,301, previously submitted in an Information Disclosure Statement). 
Accordingly, Applicants submit that undue experimentation would not be required to 
practice the invention of claims 13 and 15-21, and respectfully request that this rejection 
be withdrawn. 

Claims 2-6 were also rejected under 35 U.S.C. § 1 12, first paragraph, on the 
ground that the written description requirement is not satisfied for the claimed genus. 
Specifically, the Examiner states that a representative number of species have not been 
described by their complete structure. 

In response to this rejection. Applicants note that claims 3-6 have been amended to 
recite a phenotype for the claimed transgenic animals. Applicants submit that these claim 
amendments provide relevant identifying characteristics for the transgenic animals, and 
satisfies the written description requirement. Applicants also point out that one in 
possession of a transgenic animal of claims 3-6, would also have been in possession of 
the embryo of claim 2, as it is used to generate the transgenic animal. Withdrawal of this 
rejection is respectfully requested. 

Rejections Under 35 U.S.C. § 1 12, second paragraph 

Claim 2 was rejected U.S.C. § 1 12, second paragraph, based on the assertion by 
the Examiner that the claim is indefinite in its recitation of "whose nucleus" in reference 
to an embryo. The Examiner states that an embryo itself does not have a nucleus. In 
response to this rejection, Applicants have amended claim 2 to recite an embryo 
comprising a cell whose nucleus comprises the nucleic acid molecule of claim 1. This 
rejection may be withdrawn. 

Claims 3 and 4 were also rejected under U.S.C. § 1 12, second paragraph, with the 
Examiner stating that the claims are indefinite in their recitation of "[a] female mammal 
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in which the genome of the mammary tissue of said female comprises the nucleic acid 
molecule of claim 1" because it is unclear as to which cells of the transgenic animal are 
transgenic. The Examiner further states that transgenic animals carry a transgene in the 
genome of all somatic and germ cells. 

In response to this rejection. Applicants have amended claim 3 to recite a non- 
human female transgenic mammal in which the genome of the mammary tissue of the 
female mammal comprises the nucleic acid molecule of claim 1, wherein the promoter is 
milk-producing cell-specific, and wherein the mammal secretes the biofilament of claim 
1 . With the addition of the term "transgenic" to claim 3, Applicants submit that the claim 
(and dependent claim 4) clearly recites a female mammal in which the genome of every 
cell comprises a transgene. Withdrawal of the rejection is respectfully requested. 

Claims 5 and 6 were also rejected under U.S.C. § 1 12, second paragraph, on the 
ground that claim 5 broadens the scope of claim 1 by being directed to a transgenic 
animal comprising the nucleic acid molecule of claim 1, a nucleic acid molecule that 
encodes and secretes a biofilament into the milk or urine of a mammal. This rejection has 
been met by the amendment of claim 5 to recite a non-human transgenic mammal in 
which the genome of cells that contribute to urine production in the animal comprises the 
nucleic acid molecule of claim 1, wherein the promoter is urine-producing cell-specific, 
and wherein the mammal secretes that biofilament of claim 1 . 

Claims 13 and 15-21 were rejected under U.S.C. § 112, second paragraph, based 
on the assertion by the Examiner that the claims recite a method for producing a 
biofilament in which the first step recites providing "an embryonal cell transfected with a 
biofilament encoding nucleic acid molecule." The Examiner notes that no methodology 
exists for transfecting a fertilized oocyte. As discussed above, the rejection has been met 
by the amendment of claim 13 to recite "an embryonal cell transformed with a 
biofilament encoding nucleic acid molecule." 
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Claims 14 and 15-21 are also rejected under U.S.C. § 1 12, second paragraph, with 
the Examiner stating that the nucleic acid molecule of the claim does not recite that the 
promoter is operably linked to the nucleic acid sequence encoding the biofilament. This 
rejection has been met by the amendment of claim 14, reciting that the promoter is 
operably linked to the nucleic acid sequence encoding the biofilament. 

Claims 14-21 also stand rejected under U.S.C. § 1 12, second paragraph, on the 
ground that the recited methods are incomplete because they omit the essential step of the 
expression and secretion of the biofilament by the transformed cell. Such amendment 
has been made to claim 14, and this rejection can now be withdrawn. 

Finally, Applicants note that there have been no rejections based on prior art. 

CONCLUSION 

Applicants submit that the claims are in condition for allowance, and such action is 
requested. Enclosed is a petition to extend the period for replying for three months, to 
and including October 12, 2000. If there are any charges or any credits, please apply 
them to Deposit Account No. 03-2095. 



Respectfully submitted. 
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JIGH lEVEL EXPRiSSION OF ACnVE HUMAH 
ALPHA-I-ANTITRYPSIH IN 1HE MILK OF 
TRANSGENIC SHEEP 

G. WrightS A. CarverS D. Cottom, D. Reeves, A. Scott, P- Simons^, I. Wilmut , 
I, Garner, and A. Colman* 

Pharmaceutical Proteins Limited, Kings Buildings, West Mains Road, Edinburgh, EH9 3JQ, United Kingdom. The order of 
fheseTulhors is arbitrary. ^AFRC Institute of Animal Physiology and Genetics Research. Edmburgh Research Stauon, United 
Kingdom. *To whom reprint requests should be addressed. 



We describe the generation of five sheep 
transgenic for a fusion of the ovine P-lacto- 
globulin gene promotor to the human aj- 
antitrypsin (hctjAT) genomic sequences. 
Four of these animals are female and one 
male. Analysis of the expression of hujAT 
in the milk of three of these females shows 
that all express the human protein at levels 
greater than 1 gram per liter. In one case 
initial levels exceeded 60 grams per liter 
and stabilized at approximately 35 grams 
per liter as lactation progressed. Human 
ttiAT purified from the milk of these ani- 
mals appears to be fuUy N-glycosylated and 
has a biological activity indistinguishable 
from human plasma-derived material. 



T 



he prospect of producing large quantities of 
therapeutic proteins in the milk of transgenic 
livestock was publicaily raised some years 
ago^'^. As an alternative to cell culture systems, 
this production route is appealing because of the simplic- 
ity of access to the expressed protein, the high production 
capabilities of the mammary gland, the relatively low 
operating costs, and finally, the potentially unlimited 
expansion of the producer animals through established 
and emerging methods of animal husbandry. Like expres- 
sion systems based on cultured mammalian cells, the 
mammary gland appears to be capable of perforniing the 
post-translational modificadons vital to the activity or 
stability of certain pharmacologically active human pro- 
teins.. In the last five years numerous publications have 
appeared attesting to the feasibility of this approach (for 
review, see ref. 3). Typically the gene of interest (either 
cDNA or genomic DNA) is fused to the regulatory se- 
quences of the gene for a milk protein, and the fusion 
construct used to generate transgenic animals. In numer- 
ous cases the desired protein has been found in the milk, 
however the yields of protein have been extremely vari- 
able and usually much less than 1 gram per liter, although 



levels as high as 23 grams per liter in mice^ and 2 grams 
per liter in pigs^ have been obtained with foreign milk 
proteins, and 1-2 grams per liter of human urokinase, a 
plasminogen activator, has been produced in mouse 
milk®. 

Human a i -antitrypsin (hajAT) is a 394 ammo acid 
glycoprotein which is normally present at 2 grams per liter 
plasma'. The primary site of huiAT production 
in the body is the liver^"^, and genetic deficiencies in 
circulating concentradons of ha, AT are one of the most 
common lethal hereditary disorders to affect Caucasian 
males of European descent and sufferers are at risk of 
developing life-threatening emphysema. Replacement 
therapy using human plasma-derived ajAT, has been 
sancuoned in the USA^ where die large number 
(>20,000) of affected individuals and large amounts 
needed (-200 grams/padent/year^**) make a strong case 
for an alternative, recombinant DNA-derived source, 
which is capable of yielding large quandues of ha, AT and 
of performing the glycosylation events needed for plasma 
stability^**. Recendy Archibald et al." reported yields of 
up to 7 grams per liter of biologically active ha, AT in the 
milk of transgenic mice expressing a minigene containing 
the sheep betalactoglobulin (BLG) promotor fused to 
httiAT sequences, which comprise part of exon 1 and the 
remaining, downstream introns and exons, excluding 
intron 1. If similar high yields could be obtained in the 
milk of transgenic livestock, this could form the basis for 
a manufacturing process. 

In this paper we demonstrate that the sheep mammary 
gland can offer a production route for large quantities of 
glycosylated, bioactive hajAT. Using the haiAT nimi- 
gene described above, we report the generation, lactation, 
and milk protein analysis of diree founder transgenic 
animals. Two of the animals produce 1-5 grams per liter 
quantities of hajAT whilst the third produces --35 grams 
per liter making huiAT the major protein in the milk. 
These levels have been sustained in all cases through 7 
weeks of lactation and exceed by several orders of mag- 
nitude previously reported yields of foreign proteins in 
sheep milk and, in one case, die yield is substantially (> 17 
fold) higher than that reported for any foreign, non-milk 
protein in any transgenic system^. We believe these results 
confirm the feasibility of using mammals as bioreactors 
for the production of human therapeutic proteins. 
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riGURE 1 Southern blot analysis of transgenic DNA. The diagram 
shows the relevant region of the sheep chromosomal BLG locus 
as well as the intron/exon structure of the AATB construct used 
for injection (also see ref. II); hatched regions correspond to 
BLG sequences and stippled regions and plain lines correspond 
to AAl* sequences. DNA purified from the peripheral blood 
lymphocytes of transgenic sheep 60, 65 and 77 and a non- 
transgenic control animal (C) was digested with Kpnl and ana- 
lyzed as described in the Experimental Protocol. The membrane 
was hybridized with a radioacdve probe homologous to 800 bp of 
the ovine BLG promoter (see diagram) and was generated by 
random priming (Stratagene). This reveals a 2.5 kbp internal 
band from inuct transgenes and a 1.9 kbp band derived from 
endogenous BLG sequences (see diagram). 



TABU 1 Summary of the generation of transgenic sheep 



Parameter 



Value 



No. eggs injected 

No. eg^s surviving 

No. recipients 

No. eggs per recipient 

No. of pregnancies 

No. births 

No. screened 

No. transgenic 

Percent of births transgenic 

Percent of injected eggs transgenic 



549 
439 
152 
2.88 
73 
113 
112* 
5 

4.5 
0.91 



♦One animal was stillborn and proved unsuitable for analysis. 



RESULTS 

Generation of transgenic sheep. Archibald et ai." 
recently described the production of bioactive hajAT in 
the milk of mice transgenic for a hybrid ovine BLG- 
ha,AT gene, referred to as AATB. Of seven lines of 
animals expressing the AATB transgene at variable levels 



in the laciating mammary glandj^P^ur produced milk 
levels of greater than 0.5 grams per liter ha|AT with one 
yielding a level in excess of 7 grams per liter. For this 
study, we made use of the same hybrid AATB construct. 

Initially, we extended the observations of Archibald and 
colleagues by generating nine Gq founder mice transgenic 
for the AATB fusion. Although levels of hot » AT pro- 
duced in the milk of these animals varies from line to line, 
all express die transgene at between 0.4 mg and 12.45 
grams per liter. Moreover, the highest expressing animal 
has transmitted the transgene to her offspring and all Gi 
females (three) exhibit a capacity similar to that of their 
mother to secrete haiAT with their milk (unpublished 
data). 

These studies suggest that the AATB construct is effi- 
cient at directing the expression of hai AT to the lactating 
mammary gland with concomitant secretion of the human 
protein. To confirm that this is true not only in mice but 
also in sheep, we generated sheep transgenic for the 
AATB fusion gene. A total of 549 sheep eggs were 
microinjected with purified AATB DNA giving rise to 1 13 
lambs (Table 1). One oif these animals was stillborn and 
proved unsuitable for further analysis. Of the remaining 
112, five proved to be positive for the AATB hybrid gene 
upon Southern blot analysis of genomic DNA samples. 
Four of these are female and one male. 

These five animals developed normally and have shown 
no ill effects attributable to the presence of the transgene. 
To date, three of the females (nos. 60. 65 and 77) have 
produced offspring. Sheep 60 produced two female 
lambs, one of which is transgenic, sheep 65 produced one 
non-transgenic male and sheep 77 produced one non- 
transgenic female (data not shown). To assess the integrity 
of the incorporated transgenes in these three Gq animals 
we performed Southern blot analyses of genomic DNA 
derived from peripheral blood lymphocytes. Cleavage of 
integrated copies with Kpnl should release an internal 
fragment of 2.5 kbp (Fig. 1). This is revealed widi a probe 
covering the first 800 bp of die BLG sequences present in 
AATB. The probe also reveals a 1.9 kbp band derived 
from endogenous ovine BLG sequences by hybridizauon 
to identical target sequences. Comparisons of band inten- 
sities with copy number controls (data not shown) and the 
endogenous BLG bands suggest that sheep 60 contains 
-10 copies of the transgene, sheep 65 ^2 copies and 
sheep 77 -^5 copies. Analyses using other restricuon 
enzymes and probes suggest that the multiple integrants 
contain intact copies of the transgene (data not present- 
ed). However, as previously found in transgenic sheep* , 
the arrays are complex with both head to head and head 
to tail repeats. The elucidation of the exact structure of 
these arrays awaits further study. 

Levels of human aj AT in transgenic sheep milk. The 
offspring from animals 60, 65 and 77 were ardficially 
reared and milk collected daily from dieir lactadng moth- 
ers. Samples were pooled on a weekly basis and analyzed 
for the presence of hajAT. Inidal determinations were 
performed with both a radial immunodifusion assay 
(RID) and ELISA. Neither of these techniques produce a 
cross-reacdon with sheep a, AT. A good correladon was 
observed between results obtained with these techniques 
and further determinations were performed using RID 
alone. 

Levels of hujAT present in the milk of all three 
founder animals have exceeded l gram per liter (Table 2). 
There is no direct relationship between transgene copy 
number and levels of expression. It is notable, however, 
that yields do increase with increasing copy number. 
Sheep 60 produced 63 grams per liter haj AT in week one 
but has since stablized to yield -35 grams per liter in 
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subsequent weeks. The human proleiiris consistently 
-50% of the total proteni in the milk of this animal. Sheep 
65 produced 3.8 grams per liter in week one and has since 
stabiized at around 1.5 grams per Hter. Again this is a 
constant percentage of die total protein produced of 
about 3.5%. In contrast, Sheep 77 began secreting ha, AT 
at 0 9 grams per liter and has since increased output 
attaining 3.5 grams per liter in week seven. This reflects 
an increase in the percentage of total protein that is 
ha,AT from 1.4 to 10%. We have no explanation for this 

uThould be noted that milk from week one contained 
colostrum and as such had higher concentrations of both 
ho, AT and total protein. However, the total protein levels 
recorded for subsequent weeks has remained within ob- 
served limits for sheep milk despite being higher than 
expected for this breed (Blackface/Friesland). We are, 
therefore, not in a position to comment on whether 
endogenous protein production has been suppressed in 
these animals or whether total protein production has 
been increased. 

Characterization of human o,AT from transgenic 
sheep nulk. Milk from founder animals 65, 77 and 60 was 
analyzed by SDS/PAGE (Fig. 2. lanes 2, 3 and 4 respec- 
tively). A novel band of apparent 54 kD molecular weight 
was observed in all three samples (indicated by arrow). 
This is the predicted molecular weight of native plasma 
derived ha,AT (Fig. 2, lane 8). We confirmed this to be 
ha.AT by western blotting (data not shown). Note that in 
die sample derived from sheep 60, the ha, AT is the major 
protein in the milk. 

Milk samples from all three sheep were defatted and 
ha.AT was purified from the remaining material using 
anion exchange, dye affinity, hydrophobic interacuon and 
eel filtrauon chromatography (manuscnpt in prepara- 
tion). When analyzed by reducing (dau not shown) and 
non-reducing SDS/PAGE (Fig. 2, lanes 5. 6 and 7) all three 
products migrate as a single band of about 54 kD siinilar 
to that observed for plasma derived ha,AT (Fig. 2, lane 
8). We estimate die purity of the three products to be 
>95% following silver staining, densitometry scanning 
and HPLC analysis (data not shown). Sheep milk naturally 
contains 1-2 |ig per ml o, AT. Our purified material could 
therefore contain a smaU percentage of sheep o, AT that 
would not be revealed by our RID or ELISA assays, which 
are specific for the human protein. However, a compari- 
son of the results obtained from these two techniques with 
total protein estimates indicated that our punfied ha,Al 
is at least 95% human protein. This is supported by amino 
terminal sequence data, which do not reveal any contam- 
ination with sheep a,AT (manuscript in preparation). 

Glycosylation of human a,AT from transgenic sheep 
nulk. Human a.AT has three N-linked branched carbo- 
hydrate chains linked to asparagines 46, 83 and ^^/. 
Non-glycosylated recombinant hajAT is acuve but exhib- 
its an accelerated in vivo plasma clearance'", probably 
reflecting Uie absence of carbohydrate moieues. The 
apparent molecular weight of the materia purified from 
transgenic sheep milk suggests that it is fully g ycosylated, 
and to determine if this is so samples were cleaved with 
N-glycosidase F (Fig. 3). Lanes 1-4 contain uncleaved 
material and lanes 5-8 cleaved samples. In all cases, the 
ha.AT purified from transgenic sheep milk behaves sim- 
ilarly toho.AT purified from human plasma (Fig. 3. lanes 
1 and 8). Digestion of all samples results in a shitt ol 
electrophoretic mobiUty similar to that observed with 
human plasma derived a.AT (Fig. 3. lanes 1 and 8). 
Furthermore, all of our purified material appears to be 
fully N-elycosylated (compare lanes 2-4 with lanes 6--8). 
Re-examination of the ha.AT from complete milk (eg. 



Casein - 




AAT 
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nGURE 2 Non-reducing SDS-PAGE of transgenic sheep milk and 
punfied ha,AT. Aliquots (0.1 nD of whole milk from transgenic 
Theep 65, 77, 60 and a control (C) non-transgenic animal (lanes 
l-4)or 1 Lig of ha,AT purified from the milk of transgenic sheep 
(lanes 5-7) were analyzed on a 12% non-reducing, SDS-PAGE 
gel as described in the Experimental Protocol Lane 8 contains 1 
ae ha.AT purified from human plasma (Miles, Inc.). Ihe 
running positions of casein and betalactoglobulin are indicated 
on the Teft of the figure. The position of plasma derived ha, AT 
is indicated by the arrow on the right of the figure. 




ptasma 60 65 77 plasma 60 65 77 



RGURE 3 SDS-PAGE of glycosylated and deglycosylated hot, AT. 
ha,AT (0.5 »JLg) samples purified from ^uman plasma (Mil^^^^ 
Inc.) or from The mA of transgenic sheep 60 65 and 77 were 
trea ed with (lanes 5-8) or widiout (lanes 1-4) N-glycosidase F as 
described in the Experimental ProtcH:ol. The arrow to the left of 
the figure indicates the position of glycosylated material (54 kD). 
the arrow to the right indicates the position of cleaved deglyco- 
sylated material (45 kD)! MW markers are not shown. 



TABU 2 Analysis of human o iAT in transgenic sheep mUk. 
Sheep 



Week 



Protein 
Content 



httjAT 
Content 



60 



65 



77 



I 
4 
7 

1 
4 
7 

I 
4 
7 



127.2 
66.8 
71.2 

72.4 
44.1 
41.6 

64.0 
44.4 
35.8 



63.0 
31.7 
37.5 

3.8 
1.3 
1.5 

0.9 
2.2 
3.5 



Animals were milked daily and the weekly produce was pooled 
prior to analysis. Figures from three representauve weeks are 
presented in grams per liter of milk. 



832 BIO/TECHNOLOGY VOL 9 SEPTEMBER 1991 



track 4. Fig. 2) shows that it correspondBRnobility to the 

glycosylated products shown in Figure 3 and therefore 
excludes the possibility that the purification was selective 
for glycosylated forms of ajAT. indicating that all the 
ha, AT is glycosylated. These results demonstrate the 
ability of the ovine mammary gland to N-^lycosylate large 
quantities of secreted protein. We are currendy determin- 
ing the nature of diese sugar moieties. 

Bioactivity of ha, AT purified from transgenic sheep 
milk. To analyze the activity of our purified ha, AT we 
compared its ability to inhibit trypsin to that of two 
samples of plasma-derived ha, AT using a colorimetric 
assay. A standard curve generated with one plasma- 
derived source was used to determine the activities of each 
of the other samples. In all cases, the ha, AT purified 
from transgenic sheep milk shows similar activity to both 
plasma-derived products (Table 3). 

DISCUSSION 

We report in this paper the production in sheep milk of 
large amounts of a foreign protein, human a, AT. We 
presume that this protein is made predominantly in the 
mammary gland for several reasons. First, analysis of the 
tissue-specificity of transcription from the AATB con- 
struct in mice indicates that the major site of transcription 
is the mammary gland, although in some animals a low 
level of expression from the salivary gland was noticed^*. 
Second, if haiAT were synthesized outside the mammary 
gland, it would presumably gain access to the mammary 
gland via the blood. However circuladng levels of ha, AT 
are negligible compared to sheep a, AT whereas this 
situadon is reversed in the milk (data not shown). Direct 
analysis of RNA expression will be performed eventually, 
however at present we are concerned not to compromise 
the animals during their first iactadon. 

Concentrations up to 35 grams per liter of ha, AT have 
been obtained. This level of ha, AT producuon has now 
been sustained throughout the lactation period (twelve 
weeks); this situation contrasts with that recendy reported 
for transgenic swine producing mouse whey acid protein 
where lactation itself was not sustained in 2 out of 3 Unes 
as a result of transgene expression^. With milk yields per 
lactation ranging from 250-800 liters, according to sheep 
breed, the overall yield of ha j AT per animal per lactation 
could exceed 10 kg. The ha, AT recovered shows similar 
bioactivity to the human plasma-derived product. In ad- 
dition, the hajAT produced by all three animals is fully 
N-glycosylated and we are presently investigating the 
exact sugar composition of the carbohydrate side chains 
This demonstrates that in the mammary gland, the glyc 
osylation apparatus has not been saturated by the require- 
ment for ha, AT glycosylation even though normally only 
a small proportion of the endogenous milk protein 
(<10%) is glycosylated and most of this represents 
0-linked glycosylation of K-casein. Despite the comman 



TABU 3 Bioactivity of ha,AT purified from transgenic sheep 
milk. 



Source of Purified ha,AT 


Percent 
Activity 


Sheep 60 milk 
Sheep 65 milk 
Sheep 77 milk 

Human plasma alAT (Miles, Inc.) 
Human plasma alAT (Sigma) 


95 ± 12 

93 ± 22 
86 ± 15 

100 

94 ± 5 



Results are derived from 5 separate assays performed on two 
separate days and are normalized to the values obtained with the 
Miles, Inc. sample. 



deering of the animals* tr^Jfiptional and translational 
machinery for foreign protem production, all the trans- 
genic sheep described here are perfecdy normal and 
healthy. Although we have so far only been able to 
demonstrate transgene transmission in one of the three 
female sheep [the one transgenic male, has transmitted 
the transgene (data not shown)], the seven out of eight 
transgenic sheep previously generated by Clark and col- 
leagues*^ have been found to transmit their transgenes in 
an unrearranged fashion (|. Clark, personal communica- 
tion). 

With few exceptions*^"*^ it still remains the case that 
expression from the same transgene construct is highly 
variable between different lines. This has been attributed 
to various causes, including host genetic background. 
site(s) of chromosomal insertion, absence of certain tran- 
scriptional elements, etc'^. Although there is no formal 
proof, we believe that the sheep BLG gene used to 
provide control elements for our transgene constructs has 
all the regulatory sequences necessary to confer high 
expression on a foreign gene fragment, since expression 
of the complete BLG gene in transgenic mice led to a 
range of yields but nearly all of them were high'*. Al- 
though dramatically lower expression levels have been 
reported for fusion constructs between foreign genes and 
milk protein gene promoters including sheep BLG, this 
may be attributable in part to the absence of native introns 
in the foreign gene inserts*'. Iniprovements in expression 
have been obtained when native, foreign or hybrid introns 
are added back*'"*®. When originally expressed in mice 
by Archibald et al.* *. the minigene used in our study gave 
ha I AT yields of 80 milligrams -7.7 grams per liter with 
some animals not producing any detectable protein at all. 
Repeating this work we obuined a range of yields from 
0.4 milligrams - 12.45 grams per liter from nine different 
lines, a 30,000-fold range in variation. Although only 3 
founder ewes have been /analyzed in the study reported 
here (die fourth ewe is/ about to give birth), a lO-fold 
range of yields was obtained. While a comparison of die 
mice and sheep hujAT yields is questionable due to die 
small sample size, it is notable that the expression levels in 
sheep are on average higher and less variable. This may 
be a consequence of the homologous combination of an 
introduced sheep milk protein gene promotor operating 
in a sheep mammary gland environment. 

In summary, we describe the production of high levels 
of a human therapeutic protein, UiAT, in sheep milk. In 
one case the hajAT represents nearly 50% of total milk 
protein throughout the lactation period. These results 
indicate that it is possible to dramatically alter milk com- 
position, opening up opportunities in the dairy industry 
to carry out a range of manipulations from over-expres- 
sion of existing proteins to the introduction of novel milk 
proteins, which may allow improvements in milk formu- 
lations for both adult and infant consumption. In addi- 
tion, this level of haiAT production exceeds those ob- 
tained in bacteria (15% total cell protein^®'^*). yeast (40% 
soluble protein^^). and cultured mammalian cells (< Img/ 
IQ^ cells/24h2^). ^^d provides a strong impetus to the 
further exploitation of transgenic sheep as bioreactors for 
the production of large amounts of pharmacologically 
active proteins. 
EXPERIMENTAL PROTOCOL 

Generation of transgenic sheep. Transgenic sheep were gener- 
ated essentially as described by Simons et al.*^ with the following 
differences; superovulation was induced with regimes of equine, 
porcine or ovine FSH; ovuladon was synchronized in donor ewes 
(Scottish Blackface) using Receptal (Hoechst Animal Healdi); eggs 
were colleaed from donor ewes artificially inseminated with ap- 
proximately 10' fresh, modle spermatozoa (Friesland) by intrauter- 
ine laparoscopy; eggs were collected by mid-ventral laparoptomy 

4 



BIOTECHNOLOGY VOL 9 SEPTEMBER 1991 



approximately 17 hours after the exjjecievl moci^e of ovulation. 

UNA preparation and analysis. Peripheral blood lymphocytes 
were prepared from transgenic sheep blood usmg HisU)pat|ue 
(Sicnia) according to the manufacturers uistructions. Genomic 
DNA was prepared by ])roteinase K (BCL) digestion and phenol 
extraction. Following digestion with appropriate restriction en- 
zvme(s), samples were subjected to electrophoresis in 1% agarose 
uels transferred to Duraloii trademark membranes and hybrid- 
ized to radioactive probes as described by the manufacturer 

^^<M^andys^ of protein samples. Milk and purified ha, AT 
samples were diluted in 75 inM-'l ris/IlCl butter at pH 6.8, 
containing 2.5% (w/v) SDS and 10% (w/v) glycerol. These samples 
were boiled for 2 miuuies and then electrophoresed on 12% 
discontinuous SDS polyacrylamide gels^^ After running gels 
were stained with 0.125% Coomassie blue R-250 in a 50% 
methanol/10% acetic acid solution and destained with the solvent 

alone. . . 

Measurement of human o , AT. Concenlrations of ha , AT were 
measured by radial immunodiffusion (RID) and conhrmed by 
enzyme Unked immunosorbant assay (ELISA). RID plates were 
obuined from the Binding Site, and ho, AT levels were measured 
using the method described in the manufacturer's mstructions. 
For the ELISA assay, polyclonal rabbit anti-human ha,AT anu- 
bodies (Dako) were diluted 1/1000 in 0.1 M-NaHCO^. pH 8.2 
Aliquots (250 p.!) of this solution were added to each well ot 
microtiter plates and then these were incubated overnight. The 
next day the plates were washed, and various sample dilutions m 
1/1000 normal rabbit IgG (Dako) were added to the welk ^ 
plates were incubated for 2.5 hours before adding I/IOOO diluted 
biotinylated polyclonal rabbit anti-human ha, AT second anti- 
bodies. The plates were then incubated for 90 minutes before 
being washed and adding a sireptavidin/biotin-horseradish per- 
oxidase conjugate (Boehrmger). This was followed by another 90 
minute incubation before the plate was agam washed and finally 
100 al of the substrate solution 1,2 phenylenediamme and 0.01% 
(v/v) hydrogen peroxide was added. Color was allowed to develop 
and this was measured at 492 nm. The ha, AT content of samples 
was measured by comparing the 492 nm results to those obtained 
with standards containing known amounts of ha, AT. Except tor 
the initial step where die antibodies were bound to the plate, all 
washes were carried out, and dilutions made, in phosphate 
buffered saline containing 5% bovine skimmed milk; 0.1% 
Tween 20; and 0.1 mM-EDTA. All incubations were at room 
temperature in a moisture chamber. The second antibodies were 
biotinylated by incubating them in 50 mM-Tris/acetate buffer at 
pH 7 5 for 4 hours wiOi 0.8 mM biotinvl-e-amino caproic acid 
N-hydroxysuccinimide ester and then dialyzing against the above 
buffer alone. Plasma derived samples of ha,AT were purchased 
from Sigma or were the kind gift of Miles I nc (Berkeley CA) 
Deelycosylation of human a|AT. Samples of punhed Iia, A 1 
(0 5 me/ml) were suspended in 100 mM-sodium phosphate 
buffer at pH 7.5 containing: 25 mM-EDTA; 1% n-octvf^lucoside; 
1% 2-mercaptoethanol; and 0.1% SDS. These were boiled for 5 
minutes, cooled to room temperature, and then 10 units/ml ot 
N-elycosidase F (Boehringer) was added. Samples were then 
incubated for 16 hours at room temperature before they were 
run on SDS-PAGE. Control samples of ha, AT were treated in 
exacdy the same way, except no f4-glycosidase was added. 

Bioassay of human a,AT. The ha,AT activity assay used is 
based on the affinity of human a, AT for trypsin. Na-benzoyl-OL- 
arginine 6-nitroanilide (BAPNA), in the presence of trypsin 
(Siema). breaks down to benzoylargmine and the colored com- 
pound 6-nitroanalide, the absorbance of which can be measured 
at 405 nm. Diluuons of purified ha, AT (130 p-l) were incubated 
at room temperature with 50 jtl of 0.25 mg/ml porcine trypsin 
tvoe 11 (Siema) in 50 mM-Tris/acetate buffer at pH 7.5 for 5 
minutes before the addition of 20 jil of the chromogemc sub- 
strate BAPNA (Sigma). After 15 minutes the absorbances at 405 
nm were read. A standard curve using constant amounts ot 
trypsin (62.5 p.g/ml) and BAPNA (1.5 mM), and varying amounts 
of human plasma-derived a,AT (5-40 ^tg/ml; Sigma) was con- 
structed. The inhibition of the same amount of trypsin/BAPN A 
by purified ha, AT samples was then translated into a percentage 
activity relative to the purified plasma-derived ha, AT (Miles, 
Inc.). 
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Note added in proof: The fourth ewe transgenic for AATB has 
iriven birth to a female lamb Uiat has inherited the iransgene. The 
mother is expressing ha, AT in her milk at a level of 3.2 g/l, which 
further reinforces our view that high level expression trom this 
construction in the milk of transgenic sheep is the norm rather 
than the exception. 
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Productioii4^i61ogi0yiy Acl%e Human 
Frotein C in tlie Milk c^f Transgenic Mice^ 

WILLIAM R VELANDER* RAYMOND ApAGE,* 
TUUN MORCQL* CHRISTOP^^ G. Iot|sELL* 
RODOLFO CANSECO,^ lANET M., Y(miG 
WILUaM N. DROHAN,^ FRANCIS C. GWA&AUSKa^,-^ 
TRACY D. WIUONS,' AND JOHN L. JO^SON' 

^Department of Di^ Science i 
Vbgmia Potyusdmk Institute and State UruiMsky 
^ B!aeksbu0g, Vagir^ # 

^MasmaDeriMih^^L^^ ^ f 
rMarylii$d20^ 



^DepOTtmeMofAnaero^Mit 
Virgpua Pofytechnk Ih^ 




Hmtc are many therapeutic proteins denved from hudsan plasma and iheir 



a result, extensive 
proteins. Recent 
igh level i)roduction 
mammazy gland of 
ion systenk have not 
processing needed 
ilytjc deavage of 



Sk^^ailalnfity is depcnd^^^ the limited su|^ of plasmal: 
effiffts arc being made to produce recombinant versions of th 
advances in the understanding of gene c:qjrBSSion have led 
of itlatively »^ proteira m both cell cultare^^ as well as i 
i transgenic mice^'*-^ and livestock. However, these C3 
I yiei; demotmrated the ability to perf o rm many aspects of ^. 

^ ;syiriaiesize^h^ enzymcs.^^^ For cxanqrfc, ^ 

pn^^^ amino add dertvaozatioi) arc fcisquently e^enlial for 

^^'''''^^'ma^ stud)|bis fbcused upon the 

carboay latioo of ghrtamic acid, which ha^ not been 
teoicitein mmmnaT ytis^ . 
ganima<ari»ag^Iated are necessjuy for the 



memh^ne^ediated^piD^ af^the VKD proteins.^^ 

^ni^iCiB^^ fonnation has been directly oii indirectly 

filia^j^ tissun^ and manipulated celllines.^ A^ a lesah. 

biiilQ^^ been produced in graettcally dugincercd 

■^flSS^wa^^ Divisionkf Virginia Polytechnic 

Ja^cai^aid^tateX^ Grin No. BCSk)llcm-01 
'liPl^^<ili&ider. 
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systenis at levels of less thani ).4 i^/mL/hour.'-* Furtbex^e. the isolation of nuxt 
VKD proteins from hux|an! )lasia is difficult 'because dby occur at less than 10 
Itg/iiiL, ttdth the eiiception Of p^thrombil, which is fbliul at appr^ndmately 120 
fLg/mL^ AlteinativeJy. if higherlevels are^to be produilib io ceU oiitnre. greater 
16v^to of carboiylasli -activity may needed for the effid^ secretion of biologically 
^iefiSffeVK»prt)teiili2w f *L 

Human Protein' C(hPC) is a number of flic \ICDpiotei family and serves as the 
ceifmd Tcgidator of hemostasis.^' ^erefore^Pd has pot^al as a therapy for many 
^iie^e states. Exam}^lcsi£Dclide »i)i)oIytiiJherBpy.3> vajftilar trauma (as occurs in 
surjial procedures socfalas Jip ffid knee deSdcniy of 

HPGj^s and blood pdsonfag.»Pit|ein C exilts as the zynfen of a serine protease 
thSteundeii^ aciiVafion by &cm|bin.27 Actl^ted Ptotcirii: inhibits fiither genera- 
tion of fibrin dots by proteolytic cieavage offEoctor VlUa and factor vk^ Although 
sevoal dificrent foims occur in human plasn^ the most px^ent hPC ftwm consists 
of ai£2,(KXKM, glycoprotein with 4 ^-linked ^cotybtioia sSm, 12 intracLon disulfide 
bridges, and 1 beta-hydnafylatefl asparticfedd residue;^ The mature zymogen 
structure results from protecrfytic tleavagesfcf prepro-hPC that remove signal and 
propeptide sequences that have behn predided to be 33 and9 amino acids in length, 
respectivBly » In 71X-K% of plasm^derived hPC a dipeptiA at amino acids 156-157 
has also been removed to yield a h^«rodimeric fonn of hPGeonsisting of a 41 ,000^, 
heavy chain and a 21«000-Af, light chain^ link^ by a Sgle disulfide bridgc^-^i 
Withih the first 29 amino acid resi^esof the ligbtchdn, 1 
are essentia/for the antidotti^ fii^on of uj^C^'^ 

The structure and fun(U(»of l^makew one of the h 
the VKD protein family and cfTor^ to expr^ Brotehi C : 

iitii^<^had limited success.^' Of the many ml lines, indu ^ -w..^ 

human liver^ aadmouse mamioaiy tissue,' on^ the human l^ey 293 eqllline^has 
prodiioed fully fimctional recombinant ProteioC (rhPQ at 1*25 p.g • (lO'cells)-' • (24 
hours)-!. However, the rhPC produced by the 293 cellsdbd both sJuctmal and 
funcdonal properties that differed from those of plasma-de^ed hPC^^ We present 
a stu^ay that demonstrates the:^ility of muiilk mammary VDe to produce biologi- 
caaiy^acthre thPC that closely resembles the n^ve populatiA>f hPC 

DMA CoRsJttcr 

Plasmid containing the murine whey a^cprotein-humaii Protein C ^ WAPPC-1) 
hybrid gene was received as a gift from airist6ph Piitius anilLothar Hqunighausen 
^»a&lecular Genetics Laboratory. NIH, Beth^sda, Maiylan4- The WaPPC-I con- 
steBctfe(FtoiiRE 1) was purified by digesting {Ibmid DNa niath xcstricii&n endonu- 
cteaseJJSto RL The WaPPC-1 construct was plmfied from the pksmid DNA usjiig a 
GEN-PaC FAX (Millipore Cbiporation. Milfiird, Massachusetts) high psrfoimance 
liquid^chromatography (HPLC) column. Thclelution conditions for. the WAPPC-1 
Igggt were detemtifted by gradient chrom^ogrs^hy oveMhe range o l 0-5-1.0 M 
irap!BJti4isdcfatic elfiiito condition-was chos^ (25 mM THiS-HCI, 1.0 AM EDTA, 
ajid 0;»3 M NaQ, pH 7.5). Appronraately 15f20 ^g of digested DNA «»as injected 



! are 9 gla residues that 

I complex members of 
nbinant cell lines 
! those derived from 
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per nuL and eluants containing the WAPP»1 Iragmc 
pooled, precipitated, and [Mce^d by HrLC a 
concentration of WAPPC-1 %mn determined on a 
ethidium bromide. 





Female jHD-l mice (Charles River Labftratpries, 
3-4 weeks of age, were superovtdated wiii inteipe:^ 
Pregnant Mare's Serum ^ronadotropin (Dioqfnth Inc 
foUowed by S lU human ubK^ Gonadotropin (hC( 
Missouri) 48 hours later and liese were thex^placed i 
then coUected 21-23 h after hCG. Dne-cell epibiyos we 



Kpnl 



^ -Oil 



2.5 kb 
WAP 



PROMOTER 



1^4 kb 




•I 



FIGintE L Scfaematic 
qDHA for hPC was imertal 
The boxes marked 1, 2» and 3 scheifiaticaUy 
oUgonudeoii^ primers. Solid iii^s repi^m u 
soUd bcr fcpresems cDNA i^pong UPC, and 
DNA synthesis with three offtnSiMtibes as ini 
the uans^ene .and the emkspavs fieae ii 
seipience (primed 1y nlignrmrfrnfaes I and 3) is ^ 



of nNAsolution (33 pf/mLpNA, 10 mM 
xco^ng to Bnnsttt et all^ ^ 
filmaies (20-30 embryos pm 



lein-^hu 



thewb^ addidpxOL 
le I reftirictloii Site 
t 





DNA 




Tail tissue was biopsiediritaxpiqis that were af 
was isolated from the tssaft by a modification of 
m&tmm?^ Brie%, 840 pL oSly^ sokitioQ (50 mM ' 
Na2CI04i 10 mM EDTA, 1% sodium dodei^lsulfiate, 
p^g/mL proteinase K» pH 8.0) was added to eteh tube i 
had been previous^ frozen in liquid nifa^enlThe tubes] 
50 ''C and then ectracted with 250 \lL of chlot Stform/i 
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each injection were 
Sme. The purity and 
gel stained with 



ton, Massachusetts), 
injections of 10 lU 
ted, Chiqago, Illinois) 
L CberoicaISp St. Louis^ 
I males. Bmbryos were 
ihijectef with 1-3 pL 
j 



Mein C fiisioa gene. The 
before emn 1 of WAP. 
sequende positions of 
d/or WaP introns. the 
WAP OEOns. Priming of 
eons detecdon of bodi 
Only the smaller targex 
iniemic^. 



mMEDTA.pH7-4) 
d to psendopregoant 



lure 
CI, 0.15 



M 



mercaptc elhanoli 



ratissui^ 
icubated 
K>h0l(2S 



20days(^IdandONA ^ 
(developed by 
NaaiM 
1, 100 
sample that 
overnight at 
:l)byniking 



mu 



II 
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for 10-15 seconds on a ''Mini Bead-Beate^ (Biospec ! 
faoma), followed bjr c<»itiifiigation for 10 mmutes at 15^1 
by add^g 50 fiL of^opropyl alcohol to 83 of 
was tben ccntrifuged and washed with 80% ethanoL Hie 
resuspcndcd in 50 of TE (10 mM TRISlHa and 1.0 j 
stored at -20 until ass^ydl by the polymerase chaini 



PCR 



Analyas was done by the general medbd of Sa 
solotioD was used as the template in 25'iiL reaction vol 
dNrFs, OS imM oligonudeotide prhners^ 0.625 units 
Cotpomtion, Madi$on> l^sd|>iBsin)]. The pinners used 
^quence in the traiisgendpse WAF-specmp soise 5'- 
GTG TTO and hPCspeAtA^ 
The WAP-qpedfic antiseB^rimer S'-QAd TTG TTC < 
also added to amplify a ZTbp fragment .cbutained wit 
gene. Initial denaturation was performed at 96 °C for 1 1 
of 55 "C annealing for 2 nmmtes, 77 T eloi^ation 
denatutation for 15 seconds. Amplification products j 
concurrently with those from plasmid DNA on 1% 
fig/mL ethidium bromide. I 

Females were removed from their pups for 
to altowfonnilk acxitmnlaifcA These femalet were ibtn 
(methoocyfluofothane; Pit4a»Moore, Washington 
duced to let down milk bfr#^^^*"''ay adtninistratioD 
Incorporaled, St. Josepl? Kfissouri). Milk! was col 
microcentrifuge tubes using c^rillary tubes (Kimax 
flame^polished to prevent tissue da^imge. The c^'llazy 
stoppered hand-held receiving chamber containing the mii 
collected from the capillary directly into the 
the receiving diambex at 12 cm H^O vacuum. Upon 
ndlk, the tubes were storedat |^ 90 X until the final wi 

To maodmize the reomtm of whey-soluble proteim 
whcte nulk was dihited wS « 
NaO, pH 7.2). Individua]i|bKiples were then ul 
minutes at 4 ''C The bufier-^pianded whey phase 
pefieted precipitate and lighter Ifcid layer* Kii) pi 
immediately frozen to — 90^ Dilsed controimouse w] 
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lets, Bartlesville, Okla- 
^ DNA was precipitated 
i supernatant md this 
; were dried at 37 "^C 
:m7rA,.pH8.0), and 
(PGR)- 



aL^ One jlL of DNA 
[1 xTaqbuflfer,2^pM 
polymerase (Ptomega 
lUfy a ^'bp target 
GCCAAGAAGGAA 
GAA GGC CAG. 
TAG GTT CFG was 
the endogenous WAP 
te followed by 40 cycles 
t75 seconds, and 96 ''C 
tail DNA were run 
gels stained with 0^ 



1 hour prkir to milldng 
^dw|thMetofane 
New Jexisc^) and in- 
LO lU oxyiodn (Vedco 
ito 1.8-xnL screw-cap 
ZO-mm id.) that were 
^partialfy inserted into a 
lube. The milk was 
tube while operating 
of 150 to 500 of 




l^h whey sample was dihited to 0.5 Opj lo usmg 
concentration of ap p r o xi mately 0.5 mg tofi protein 
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Frdtein C), the 
iind 150 mM 
n400(^ for 30 
the heavy 
and (iii) 
identical^ prepared. 



from 
lui le. 



7B10 



corresponded to a 
iL whey] Reference 



dilutions of plasma-derived hPC were made (Ibver the range 1 
whey) using ^control mouse whey prepared mTBS. Micro^ 
Dyoatech, Alexandria, Vitg^ia) were coated with 
(Mab) by overnight incubation at 4 X with lOD per weHil 
NaHCOb, 25 ittM EDTA, pH 9J). The wells were 
TBS*TWEEN-EDXA (TBS, 0.05% T»recn-80, 25 mM] 
samples consisting of 50 i^L of either hPC ktandard or 1 
ti^fdicate to wells that coiidbittd 50 itL of T^FEG*£D1 
2SK polyethylene glycol, 25 mM EDTA, pH These ' 
at room temperature and washed four tinn^s^^ TBS^I 
orrhPC was then detected by ^ndimh enzg^nf^ 
A lOO-iJL aliquot of a 1:1000 dilution of aiol-hPC 
Bioproducis, Paisippaxxy, New J^sey) prep^ed in TBS-I 
in each well for 3 h at room temperatoie. Tp microtitc 
JEour tmes with TBS-PEG-EDTA and similifcrly incubate 
dflution of rabbit anti-mouse IgC^orseradish 
cals, St Louis, Missouri). The miootiter plat^ were 
TBS-PEG-EDTA and developed by addition of 100 itL of 4 
(2 J6 mg/mL) in OPD bufibr (0.1 M dtrate-pbosphate, pH5^ 
Chicago, Illinois). The reifetitoi was stopped after 4 m ^ 
£^04 per well.^ The ahnmnce (OD490 int) of the 
within SOmi^utesof when the reaction was stepped 
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0.003-10 M^ghPC/mL 
plate wells (96 wells; 
monoclonal antibody 
2mgMab/mL (O.IM 
rashed four times with 
rtA, pH 72). Whey 
town were applied in 
buffer (TBS, 1 mg/mL 
then incubated for 3 h 
'A-Th^boundhPC 
as^(ELISA). 
antibod|y (American 
^EDTA was incubated 
were then washed 
100 (iLoEf a 1:1000 
qugate (Sigma Chemi- 
^d four times with 
-phenylene diamine 
I; Abbott Incorporated, 
\s with 100 »lL of 3 N 
product was read 



lapfUuwpurifieailoH 



lUiMftjfeliiiiBiriliaiiiiiri ^M»vfar im^ 



Immonoaffinity isolations 6f dxPC from lAey and of 
were done using the confionnttion-spedfic, aetal^epei 
(Mab) 7D7BI0,**2457 whichlsvi immobilized in Affiprep 
Richmond, California) at 1-2 mg Mab/mL gel.^ Bqwidi 
the maimer described above, was thawed at 4 *C 
sex&icritnped rapid filter paper (product 9-79&Pisher 
vania). The total protein co n ce ntrati on was kdjusted to 
TBS-EDTA (TBS adjusted to a final conceu^ation of 25 
wbey^ was loaded batcfawise onto the TDTBlj^/Affiprep-ll 
hoims 4 °C The gel was cenfifuged at 300Q|r for 5 
X 10 cm column (Pharmacia, l^scataway, Nc<^ Jersey). The 
TBS-EDTA at a flow rate of 30 mL/hour. The immunosorbed rhPC was ehited with 
TBS plus 25 mM CaClz. The column was then stripped witii a step change to 4 M 
NaO, fbUowed by a step change to 2 M NaSC^ solution, and then equiUhrated with 
TBS-EDTA. The 25 mM Cadi. CaSCN, and NaQ cluaiei were dialyzed against 
deionized water at 4 *C£or 12h and then wne lyophili^ed lt)0.1 torr. 



from Cohn IV-1 paste 
monoclonal antibody 
o-Rad Laboratories, 
whey, prepared in 
on ice through 
Pittsburgh, Peimsyl- 
than 10 mg/mL with 
EDTA). The dfluted 
losorbent for 3-4 
[d loaded onto a 1 cm 
lumn was washed with 



SDS^PAOE 

Sittpks of imnmnopurified rhPC were lttDal)fzed 
pol^aibiylamide gel electrophore^ (SDS-PAGj£; 0.1% S 
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dodnyisulfatc- 
acxylamide) under 



either redaced or noiaa^duGed conditkms aicoiiBiiig to 
((U25% Coomassie bfaie 50% metbaxid* 10% 
Pace gels were prepared and a Wnteni inummoblot 
the method of TowMn ctiiL^ 



The biological activity was measured by ft de! 
rhPC aod BDPC samples prepared m hPC 
Paisqipaiiy, New Jersey), APTT reagent (i 
lina) isdnded Prot&c («^|ifaEft^^ 
wich, Gonnectkut)to ^pta&csSiy activate 
by adding CzCltJ^ Oottiqg times were 
l^nter. A refeMnee antieoagttbtioo 
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and were stained 
add). I<]entical SDS- 
leifbrmed according to 



ion time obtained for 
Bioproducts, 
Durham, North Caro- 
Diagnoitica, Grcen- 
or rhPC prior to initiating coagulation 
led with an Electra 750/^ Coagulation 
prepared using a* normal plasma 



-I 



TamueI. Mouse EmbiyoMictoicgectioaTi 
Generation Data 



r, and Founder Animal 



Rrodaciioii'Stage 



Number 



tmbiyot imBclfld 
embryos uam&rred 
mimber recipients 
embryos per redpient 
number pregnam 
number pups alive 
number pups transgenic . . . 
percent live pups tnmsgenic 
number trar^gpnie piq^ fimale 
number asMyed for ejqpression 
number expmssuig 



reference pool (NPRP) whcreupoq the specific activities 
were calculated assumipg a tbeoritical acti#ty of 1 
)ig/mL of hPC antigen in 





2336 
1808 
58 
31 
24 
IDS 
30 
29 
16 
6 
6 



otein C in the samples 
T mL of NPRP and 4 



A total of 105 ake were bom fion lidptnts tblobad TeoeKed embiyos 
micr oin je c ted wfth the WAPPOl construct Polymerase cmin reaction analytis of 
taS DKa indicated that 30 mice eontainfid the tiuisgMijASLE 1 . Fiovke 2 
denwnstrates the facile natute and reliabilitor of the deteaon of trax sgeoic mice 
iisil^tfae three^ninier PGR method describid earlier. Ai^^ificatu"" using ti^' 
genie mouse OKA as the template result m the formation of two ajmpliiication 
fngmcats. A predominant band appears at 4^2 bp, whereai a minor band occurs at 
222 bp. These are the eiqyected amplificationl'fragment siaik for the m :nsigBne and 
the endogenous WaP, respectivdy. In eotstn^ DNA sampldl obtained von control 
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l?biiti 



BglC 



Indi^^atml^DNA by the 
i^|i^i$ductt.'of ^lasmid DNa 
egffir^nfint indii^ the 
|6=i8liuB aintpUfi^ of 

tttcs#5!|Stndt9)or 



pNidilicc^^a 
trated for expressioii 

^ l^ghest cqnoentratiDiis 

k yielded an average of 1 
Biaadi their transgenic 

I^S^c as Detected 











2,40 








0.95 
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Tables. Iroinunopurified Iteooziiblx^ 

Whey Pool, Recovery Data horn Immun ok ittn ity ChnmiafiiEr^by, Anticoagulant 
ActMly, and Comparison to Antfcoagulant Activity of HiinDi Plasma-fdcnvcd 
Protein O i 



Material Assqroi 



llPCAotigeD 
Total («) 



whole ndlk pool' 
whey firtctkn 
inuDunopiuificd ptoduct 



30 
30 

14 



^%lOt^I of 40mtce<twndfTite and 
fflOtWafl pooled and used for tboimnmoopuxificalionclf 

frPercemsge of Acontiea] specific actMly otealatoi on a 
detected by EUSA 

^Tbe mOk samptes of trmmff t nic totrnderanimallaiirftheir 
singltpooL 

^Theoretical AFTTipedficacimqrtased lipoid yith/niLfor 
at 4 |if hPC ^tigjBR/mL plasma. All sanqiles were preacdvati 




% Theoretical 
Anticnagtlam 
Activi^* 



57 ±10 
74 ±2 
84:t 14 




were milked and 30 inL of 

bastg cS ifK antigen as 

were combined to ftsten a 

ionnal human plasma pool 
venom oi A^dstwdon 



orfEspnng were pooled and subjected to immimopurifiAion using the 7D7B10 
incta]-dependent» oonfbrmation'Specific mottDclonal antilMy. No hPC ant^en was 
found to be ipedfically ehued by Ca^^, NaC| or CaSCN fiom purifications using the 
control mouse wh^ pool (date not shownjl Thus, no evidence of cross-reactivity 
between cmiogexious noise milk proteins »Qd the anti-h^TDTBlO Mab was seen 
dnring immuooputifii^tion. An cweraU hPC antigen yieli 
the Ca^'^'-specific inniuinopufiflcation from the Irani 

The immunopurified material was evahzated by SDSp'AGE (Figure 3) and 





46% was obtained for 
wl|cy|pool (Table 



WBStMt^. Sodium dodecylsntEite 
(0.1%)|polyaaylamide gel (10%) 
electropOioresis of rnPC thai was 
imiiiuud^punlied ffom^the transgenic 
moose whey pool. Lanes 1 and 4 
contain 5 \^'g ^ rh *C reference, 
xeduoed and nomeduced, reflec- 
tively, banes 2 and 3 c omain 5 ^g of 
hPC ndbrence, reduquJ and nonre* 
ducedf Respectively* 
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compared to identical Wcslem aftaJjfsis (FiG^ ««a 2^ WPC 

blue-stained SDS-PACEand theW|ten. 
the presence of multimeric bands of *pn«imatelr «000 Jtf,. Protein C 
antigen assignment was made for the bands 
stained with Coomassie blue by ownparison 



^ on theTeduced SDS-PAGE 

the eqmvaldBt Western analysis. 



58 kd 



48 kd 




A * B f 

vteam^ 4.. Westem tanuiiK»btoi^ flcnnedneed^ that '«£j"»~P^'*Jj!l^ 

I csfteetively. 





iiililiP^ Western 



ABC 



HeniJe. both hmnumvurificdhPC and xhPC products weie^^ter^ 
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teftbei 



by of the itduced and stained SDS-PAGE ^te nsitomgy 
gaaaly fester Diobilities foriHK: hea«y da^ india™ 
^rtitotdy l-2kD2Je»m Jl^r Hian the hcatydflrins 
. intennediaie to apparent alpha»aiid beta hesvyrchan st 
analysis of rhPCatuihPC.Thiriiit»nncd«rtebffl^^ 

for the apparent bete hea»y chain of^ Cthan fo 
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DISCUSSION 
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[57] ABSTRACT 

The present invention relates to a process for spinning 
silk fibers. The process involves dissolving silk fibroin 
in an aqueous salt solution, removing the salt from the 
solution, followed by removal of the water to form a 
regenerated silk material. The silk material is then dis- 
solved in hexafluoroisopropanol to form a fiber-spinna- 
ble solution. 
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casein, gelatin, wool, and alginic acid in a solvent se- 
PROCESS FOR MAKING SILK FIBROIN FIBERS lected from quaternary benzyl-substituted ammonium 

bases. 

BACKGROUND OF THE INVENTION u.S. Pat. No. 4,171,505 (Lock) describes a process for 

1. Field of the Invention ^ spinning polypeptide fibers including preparing fibers 
The present invention relates to a process for spin- from a spinnable solution of silk fibroin in a solvent 

ning siUc fibers. More specifically, the invention in- mixture of formic acid and lithium chloride, 
volves forming silk fibers by dissolving silk fibroin in an Although it has been possible to produce silk fibroin 
aqueous salt solution, removing the salt from the solu- fibers from such spinning solutions as described above, 
tion, followed by removal of the water, and redissolti- these solvents tend to be harsh and may degrade the 
tion of the resulting regenerated silk in hexafiuoroiso- fibroin. Dichloroacetic add and trifiuoroacetic acid are 
propanol (HFIP) to produce a fiber*spinnable solution. especially harsh and subject the polymer to a measur- 
The solution can be spun and drawn to produce high- able degree of degradation. Fibers prepared from such 
quality fibers with near-native sUk properties having solutions tend to be deficient in certain physical propcr- 
^ter mechanical strength. ^5 ^^^^ ^ mechanical strength. 

2. Dttcnption of the Related Art ^ desirable solvent for preparing silk fibroin 
Silk fibrom (sdkwonn siUt) B a naturaUy solutions is hexafiuoroisopropanol (HFIP), ' because 

polypeptide which occurs mfibrous form havmg high ^^^^^ ^ detectable degradation of the fibroin in this 
stroigth and a soft hand. The miture of silk fibrom solvent. However, in the past, it has not been possible to 
makes it suitable for a wide range of us« including 20 ^^^^ solutions, since natural 

texule apphcations and in suture matenals. Silk has been ^iu, fibroin is not soluble in this solvent. Now, in accor- 
used as a suture matenal smce ancient tunes. Because . -.u ♦vj^ « ^»*^^rsA ciit 

sUkworms produce filaments in only one size (ca. 1 ^ T«k' ^™ T w 

denier), twkted or braided yams must be used when f''^'^ ^^"^ fibrom/HFIP solutions has been 
loads exceed a few grams. Unfortunately, the interstices 25 discovered. 

of a multifilament yam can be a route for infection. SUMMARY OF THE INVENTION 

Thus, it would be desirable to be able to produce silk ^ . , ^ ^ 

fibers in dcniers other than those found in nature which The P^sent mvention relates to a process for produc- 
would be suitable for such applications as monofilament "ig silk fibroin fibers. The process mvolves formmg a 
sutures. 30 silk fibroin solution of fibroin in an aqueous salt solution 

Fibroin is known to be soluble in certain high ionic and removing the salt and water from the solution to 
strength aqueous salt solutions, for exainple, aqueous form a fibroin material, such as a film. A fiber-spinnable 
lithium thiocyanate (LiSCN), sodium thiocyanate solution comprising about 5 to 25% by weight of the 
(NaSCN), calcium thiocyanate (Ca(SCN)2), magnesium silk fibroin material in hexafluoroisopropanol is then 
thiocyanate (Mg(SCN)2), calcium chloride (GaCh), 35 formed and extruded through a spinneret orifice to form 
lithium bromide ^iBr), zinc chloride (ZnChX magne- a silk fiber. 

slum chloride (MgC]2), and copper salts, such as copper Preferably, the aqueous salt solution includes a salt 
nitrate (Cu(N03)2)> copper ethylene diamine compound selected from the group consisting of lithium 
(Cu(NH2CH2CH2NH2)2(OH)2), and Cu(NH3)4(bH)2. thiocyanate, copper (ethylene diamine) hydroxide, and 
It has long been kno^yn that the salts can be dialyzed out 40 ^nc chloride. The salt may be removed by dialysis. The 
of such aqueous salt/fibroin solutions to produce aque- solution may be spun into fibers by wet-spinning, dry- 
ous solutions of fibroin which are similar in some ways spinning, or dry-spinning techniques. The invcn- 

to the liquid contents of a silkworm's silk gland. Fibers tion also includes fiber-spinnable solutions and fibers 
have been spun from aqueous fibroin solutions of this produced from this process, 
type, but more commonly, the solutions have been used 45 

to cast films for structure studies. DETAILED DESCRIPTION OF THE 

For example, Bhat and Ahirrao, Journal of Polymer INVENTION 
Science Vol 21, pp. 1273-1280 (1983) describe the disso- ^^^^ fiber-form, silk fibroin is not soluble in hexa. 

lution of silk fibers m 70% lithiu^^ nuoroisopropanol (HFIP), thus fibers cannot be spun 

andregcneratmgthedissolvedsilkbycas^^ 50 ^.^^ ^^ese solutions. It is believed that the density of 

the solution after dialyzing. They found that the cast ^ ^ ^^^^ j 

films were amorphous and could o be transformed to a J « ^ ^ ^J^^^^ 
beta-sheet form usms a vanety of methods. . . • i * ut?tti 

Those skilled in the art have attempted to find suit- «>''«>o« *«» *e solvent. HFIP. can over- 

able solvents for preparing silk fibroin solutions which 55 * . . . ^ _. r ^ 

may be subsequently spun into fibers. . The present mvenuon proxades a i^^^ 

For exam^e. Otoi et al., Japanese Kokoku Patent No. ^ ^l^f « ^J^^ ^lUc fibrom / HFIP solutions^ 

SHO 57[1982]-4723 describe a method for preparing a The silk is "respun* mto fibers under conditions which 
silk spinning solution involving dissolution of fibroin in ^^^^^ m polymer degradaUon, loss of molecular 

an aqueous solution of copper-ethylenediamme, copper 60 >^eight, and consequent loss of fiber physical properties, 
hydroxide-ammonia, copper hydroxide-alkali-glycerin, The silk fibers of this invention arc cheriiically similar to 
lithium bromide, sodium thiocyanate, or nitrates or native silkworm sUk but have filament demers. filament 
thiocyanates of zinc, calcium, or magnesium. The solu- cross sections, etc.. not o found in nature, 
tion is then dialyzed using a multilayered structure and The process of the current invention involves the 
used to fabricate fibers or films. 65 steps of 1) dissolution of silk fibroin which is insoluble in 

Bley, US. Pat No. RE 22,650, discloses preparing HFIP in an aqueous salt solution, 2) removal of the salt, 
fiber-spinnable polypeptide solutions containing a pro- 3) removal of the water to yield fibroin which is now 
tein selected from the group consisting of silk fibroin, soluble in HFIP, and 4) dissolution in HFIP, followed 
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by spinning ofthe solution through a spinneret oriiioe to propanol is soluble, but wherein the silk is insoluble, 

obtain silk fibers. Examples of suitable coagulating fluids include water, 

It is preferable to purify the silk fibroin prior to dis- methanol, ethanol, isopropyl alcohol, aiid acetone, 

solving in the aqueous salt solution. Methods for purifi- Methanol has been found to be the preferred coagulat- 

cation of fibroin are well known in the art. 5 ing fluid. The fibers may be cold drawn while still wet 

The aqueous salt solution may be any of those known with coagulating fluid. Preferably, the fibers are dried 
in the art for dissolving silk fibroin. The preferred salts under tension in order to prevent shrinkage and to ob- 
are lithium thiocyanate, copper-(ethylene diamine) hy- tain improved tensile properties, 
droxide and zinc chloride. Salts which may also be used In a dry-jet wet spinning process, the spinning solu- 
include the nitrate, chloride and thiocyanate salts of 10 tion is attenuated and stretched in an inert, non- 
calcium, magnesium, and zinc, and copper salts such as coagulating fluid, e.g., air, before entering the coagulat- 
Cu(NH3)4(OH)2. The concentration of salt in the solu- ing bath. Suitable coagulating fluids are the same as 
tion must be suflicient to dissolve the fibroin. Concen- those used in a wet spinning process, 
trations of salt in the range of about 40 to 80 weight In a dry spinning process, the spinning solution is not 
percent (wt. %) are preferred. 15 spun into a coagulating bath. Rather, the fibers are 

It is preferable to dissolve the fibroin at room temper- formed by evaporating the solvent into an inert gas 

ature, however elevated temperatures may be used, up which inay be heated, 
to about 80* C, in order to. increase the rate of dissolu- Testing Methods 

tion. Heating should not be conducted at a temperature Physical properties such as tenacity, elongation, and 

at which the fibroin may be degraded. Fibroin solutions 20 initial modulus were measured using methods and in- 

in aqueous lithium thiocyanate are stable on standing struments which conformed to ASTM Standard D 

several days. Preferably, the concentration of silk fi- 2101-82, except that the test specimen length was one 

broin in the aqueous salt solution is in the range of about inch. Five breaks per sample were made for each test. 
5 to 40 weight percent. If the concentration of fibroin is The following examples further describe the inven- 

less than about 5 weight percent, the solution is difficult 25 tion but should not be construed as limiting the scope of 

to handle, since the salt must be dialyzed and high the invention. In these examples, parts and percentages 

amounts of water removed. If the concentration of are by weights, unless otherwise indicated, 
fibroin is greater than about 40 weight percent, the 

solution is difficult to handle because of its high viscos- EXAMPLE 

*^y* 2^ Preparation of Degummcd Silk Fibroin 

Once the fibroin is dissolved in the salt solution, the ^, . , , 

salt is removed using methods known in the art Prefer- Punfied silk fibrom may be prqjared from raw reeled 

ably, this removal is done by dialysis of the solution. silk yam or from cocoons which have been cut open, 

The fibroin is isolated from the desalted or dialyzed ^ad the pupae removed, and been picked clean of for- 

solution by removal of the water. This may be done 35 vegetative matter. 

using a number of methods known in the art. A conve- ^mried silk fibroin was prepared from raw reeled 

nient means is by casting of films and removal of the silk yam by boiling a 160 g hank at reflux in 3.3 Uters of 

water by evaporation. The solution may also be lyophi- deionized water with 1.75 g sodium carbonate and 10.5 

lized or spray dried, or the solvent removed in a rotary 8 powdered "Ivory" soap for 1.5 hours. After boiling, 
evaporator. 40 silk was removed from the water, wrung out, and 

Surprisingly, the resulting regenerated fibroin mate- rinsed twice in 3 liter portions of hot deionized water, 

rial is readDy soluble in HFIP, whereas it was not solu- The rinsed silk was then boiled again at reflux in 3.3 

ble prior to the dissolution process described above. It is liters of deionized water with 0.66 g sodium carbonate 

believed that the fibroin molecules in the films cast from for 1 hour, removed, wrung out, and rinsed twice in 3 

the aqueous solutions of this invention are typically not 45 liter portions of hot deionized water. Finally, the silk 

in highly oriented beta-sheets and are therefore not was wrung out thoroughly, soaked i hour in each of 

extensively involved in high-density hydrogen bonding. two 1 Uter portions of methanol, wrung thoroughly. 

This reduced crystalline structure of the fibroin allows and allowed to dry in the room temperature air flow of 

it to be rcKiissolved in HFIP solution from which fibers a laboratory fume hood. The product was 124.5 g puri- 

may be spun. It has been found that films as old as six 50 fied silk fibroin, still in fiber form, 
months can be readily dissolved in HFIP. Physical testing of the silk fibroin fdaments showed 

Preferably, the HFIP solution is prepared by dis- them to be 0.66-1.04 dtex (0.59-0.94 denier). 0.86 dtex 

solving the regenerated fibroin in the HFIP solvent at average (0.77 denier) with tenacities of 3.21-4.23 

room temperature. The solutions may be safely heated dN/tex (3.64-4.79 gpd (grams per denier)), 3.84 dN/tex 

at temperatures up to about 30' C. for several hours if 55 average (4.35 gpd), elongations of 11.5-31.2% (20.5 % 

desired. Concentrations of the fibroin should be such as average), and initial moduli of 59.5-77.5 dN/tex 

to yield fiber-spinnable solutions. Concentrations of (67.4-87.8 gpd), 70.0 dN/tex average (78.1 gpd). 
about 5 to 25 weight percent have been found to be Preparation of Lithium Thiocyanate/Fibroin Solu- 

useful, with concentrations of 10 to 20 weight percent tion, 

being preferred. 60 A stock solution was prepared by dissolving 100 g 

The spinnable solution may then be spun into fibers lithium thiocyanate hydrate (LiSCNxHiO, Aldrich, 

using elements of processes known in the art. These ca. 60 wt. % LiSCN / 40 wt. % H2O) in 43 g deionized 

processes include, for example, wet spinning, dry-jet water. The solution was filtered to remove insoluble 

wet spinning, and dry spinning. Wet spinning is pre- contaminants. 

ferred as it is the simpler of these processes. 65 A solution of 20% silk fibroin in aqueous lithium 

In a wet spinning process, the spinning solution is thiocyanate was prepared by mixing 10.29 g purified 

extruded directly into a coagulating bath. The coagu- silk fibroin, above, with 41.02 g of the LiSCN stock 

lant may be any fluid wherein the hexafluoroiso- solution in a small plastic packet made by heat-sealing 
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sheets of 5 mil polyethylene film, The huxture initially drawn fiber were fixed in place to prevent shrinkage 

became thick and foamy as the silk fiber disintegrated during drying in room air. 

and dissolved. However, on standing three days with Physical testing of samples of the dry fiber showed 
intermittent vigorous mixing, the mixture became a them to be 24.4-29.4 dtex (22.0-26.5 denier), 27.4 dtex 
clear, viscous, pale amber solution. _ 5 average (24.7 d) with tenacities of 3.83-4.81 dN/tex 
Dialysis of Lithium Thiocyanate/Fibroin Solution. (4.34-5.45 gpd). 4.20 dN/tex average (4.76 gpd), eloh- 
An aqueous solution of silk fibroin was prepared by gations of 8.2-9.3% (8.9% average), and initial moduli 
dialyzing the lithium thiocyanate solution above. of 78.4-126.1 dN/tex (88.8-142.8 gpd), 101.1 dN/tex 
The solution of silk fibroin in aqueous lithium thiocy- average (114.5 gpd). The above figures indicate that the 
anate was filtered through a stack of stainless steel 10 tenacity and modulus of the "respun" silk fiber ex- 
screens of 50, 325, 325, and 50 mesh and transferred into ceeded the tenacity and modulus of the native silk fiber, 
two (ca. 25 cm) lengths of 32 mm flat width "Spectra- 

por" viscose process cellulose dialysis tubing with COMPARATIVE EXAMPLE A 

12-14,000 molecular weight cutoff. Tubing ends were jhis example demonstrates the insolubility of natural 

scaled with clamps, Dialysis was carried out by placing 15 silk fiber in hexafluoroisopropanol (HFIP). 

the ccUulosc membrane tubes containing the silk- An attempt was made to dissolve purified silk fibroin 

/LiSCN solution into a rfiallow pan of deioniied water f^^j. ^^cily in HFIP. 0.763 g of purified fiber was 

^d allowing a trickle of deionized water to fiow into ^ij^ 4 35 jjpip ;„ ^ heat-sealed poiyethyl- 

pan and overflow mto a dram. After 20 hours, ^e ^et. The solvent had essentially no effect on the 

dialysis was considered complete. Tlic rcsultmg solu- 20 fiber beyond a slight sweUing. even after 1 month. Gen- 

non of silk fibrom m water was nearly clear and quite Seating (to 40" C.) also produced no apparent 

fi^e-flowmg but had very unusual surface tension prop- chanees 

erties. like a thin egg white. It was slightly sticky to the j 

touch, and readUy picked up small, quite stable air bub- ^ ^ p;^^ p^^^^^^^ ^^j^ ^^^^^^ ^^^^ 

Casting of Fibroin Film P'Tr^ t «^ . , , ^ 

TTie aqueous solution of silk fibroin prepared by dial- "^^ J^"^^^ ^ ^^'''"*iflw°o 
ysis above was spread on flat polyethylene sheets using an aqueous salt solution; 

a 20 mil doctor liife and allowed to s4id in room air to b) removing the sdt and water from the fibrom solu- 
dry overnight This produced 9.19 g of thin, transpar- 30 Vk 
ent. slightl? sticky, Jellophane-like silk fibroin film ^) a fiber-spmnable solutio^^^ 

Preparation of Fibroin HFIP Solution *?>?"t ^ to 25% by weight of the silk fibrom mate- 

A solution containing 14.9% silk fibroin film in the ^™ m hexafluoroisopropano ; and 
solvent hexafluoroisopropanol (HHP) was prepared by ^^dmg the fiber-spumable soluUon through a 

adding 5.70 g HFIP to 1.00 g of film in a heat-sealed 35 , spinneret to form^silk fibroin fibers 
polyethylene packet, mixing thoroughly, and allowing The process of claim 1, wherem the aqueous salt 

the mixture to stand for 8 days with intermittent vigor- «>>«tion comprises a salt compound selected from the 
ous mixing. The solution was thick, clear, and a light S^^^up consisting of lithium thiocyanate, copper(ethy- 
yellowish pink in color. ^^^^ diamine) hydroxide, and zinc chloride. 

Wet Spinning of Silk Fibers from HHP Solution 40 3. The process of claim 2, wherein the salt compound 
The solution of silk fibroin in HFIP was transferred « lithium thiocyanate. 
to a syringe fitted with a stainless steel screen pack The process of claim 1, wherein the salt is removed 

consisting, in order, of 50, 325, 325, and 50 mesh by dialysis, and the water is evaporated to form a silk 
screens. The syringe was capped and centrifuged to fibroin film. 

disengage air bubbles trapped in the solution. A syringe 45 5. The process of claim 1, wherein the solution is 
pump was then used to force the solution through the extruded directly into a liquid coagulating medium to 
screen pack and out of the syringe through a 5 mil remove the hexafluoroisopropanol. 
(0013 cm) diameter by 10 mil (0.025 cm) length orifice 6. The process of claim 1, wherein the solution is 
in a stainless steel spinneret directly into a container of extruded into an inert, non-coagulating fluid, and then 
. methanol at room temperature. The syringe pump was 50 into a liquid coagulating medium to remove the hexa- 
set to deliver the solution at a rate of 0.0136 ml/min. fluoroisopropanol. 

The filament which formed as the solution was ex- 7. The process of claim 5 or 6, wherein the liquid 
truded into methanol was allowed to fall freely and to coagulating medium is methanol, 
coil on itself at the bottom of the container. 8. The process of claim 1, wherein the solution is 

The coiled filament was allowed to stand in methanol 55 extruded into an inert gas to remove the hexafluoroiso- 
ovemight. Then, while still wet with methanol, the propanol. 

filament was drawn to 4X its length. The ends of the • • • • • 
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